The systems which control the levels of the gluconeogenic enzymes in Saccharomyces cerevisiae have been bypassed to ascertain their physiological significance. The coding regions of the genes FBPI and PCKI, which encode fructose-1,6-bisphosphatase and phosphoenolpyruvate carboxykinase, have been put under the control of the promoter of ADCi (alcohol dehydrogenase I), a gene not repressed by glucose, and introduced into yeast in multicopy plasmids. The transformed yeast cells show high levels of the gluconeogenic enzymes during growth on glucose. Generation time and growth yield of yeast expressing either fructose-1,6-bisphosphatase or phosphoenolpyruvate carboxykinase are not significantly different from those of the wild-type strain. For a strain expressing both enzymes the increase in generation time is about 20% and the decrease in growth yield around 30%. The concentration of ATP is about 1.5 mM in the growing cells of the different strains. The extent of in vivo cycling was measured by 13C NMR in cell-free extracts from yeast growing on [6-'3C]glucose. Cycling between fructose-6-phosphate and fructose-1,6-bisphosphate is <2%, most likely due to the very strong inhibition of fructose-1,6-bisphosphatase by fructose 2,6-bisphosphate. Cycling between phosphoenolpyruvate and pyruvate is low, but a precise figure could not be obtained due to poor equilibration of label between carbons 2 and 3 of oxaloacetate.
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activator fructose 1,6-bisphosphate (5) . In contrast, the amount of the gluconeogenic enzymes FbPase and PEPCK is tightly regulated. Their synthesis is strongly repressed by glucose (6, 7) and they are proteolytically degraded when glucose is added to a derepressed yeast (8) (9) (10) , a process known as catabolite inactivation (11) . In addition, yeast FbPase is inhibited by Fru-2,6-P2 (12) and by AMP (6) . The existence of a multilayered regulation of the gluconeogenic enzymes through catabolite repression, catabolite inactivation, and, at least for FbPase, allosteric control suggests that the different mechanisms have been selected to avoid the operation offutile cycles in yeast growing on glucose. A yeast expressing FbPase under the control of the PH05 promoter is able to grow on glucose (13) , but no attempts have been made to determine whether cycling takes place when some of the controls on FbPase or PEPCK are removed and how this cycling affects the growth of the yeast.
To investigate the physiological relevance of catabolite repression and catabolite inactivation of the gluconeogenic enzymes, we have put the genes encoding FbPase and PEPCK under the control of a promoter not repressed by glucose. We found that the expression of the gluconeogenic enzymes under glycolytic conditions has no striking consequences on yeast survival.
Saccharomyces cerevisiae can grow on sugars, metabolized through the glycolytic pathway, or on 2-C or 3-C compounds, which require gluconeogenesis. Gluconeogenesis proceeds by a reversal of glycolysis except for the reactions catalyzed by phosphofructokinase and pyruvate kinase. These steps are bypassed by fructose-1,6-bisphosphatase (FbPase) and phosphoenolpyruvate carboxykinase (PEPCK) together with pyruvate carboxylase. Simultaneous operation of the antagonistic pairs phosphofructokinase/FbPase and pyruvate kinase/PEPCK will result in futile cycles with net hydrolysis of ATP. Therefore the shift between glycolysis and gluconeogenesis and vice versa raises the problem of how to control the antagonistic enzymes to prevent the operation of futile cycles. Although pyruvate carboxylase participates in the bypass of pyruvate kinase, it is not exclusively a gluconeogenic enzyme and its level remains fairly constant in yeast grown on different carbon sources (1) .
Phosphofructokinase and pyruvate kinase are largely regulated at the level of activity: the differences in the amount of these enzymes in glycolytic and gluconeogenic conditions do not exceed 2-fold (2, 3). During gluconeogenesis, phosphofructokinase activity is low due to the low concentrations ofits substrate fructose 6-phosphate and its activator fructose 2,6-bisphosphate (Fru-2,6-P2) (4 CJM189, with pAN5 and pAN10, strain CJM190, with pAAH5 and pAN11, strain CJM191, and with pAN5 and pAN11, strain CJM186 (see Fig. 1 ).
Yeasts were grown with shaking at 30°C in 0.7% Difco yeast nitrogen base with ammonium sulfate (YNB) and 1% or 2% glucose. Generation times were measured by following the OD6,0. To measure growth yields, culture samples were filtered through Whatman GF/C glass-fiber filters and dried at 80°C to constant weight. DNA Manipulations. Recombinant DNA manipulations were done by standard techniques (18) . Yeast transformation was carried out as described (19) . Site-directed mutagenesis to introduce a HindIII site in the PCKI promoter was performed with the Amersham kit, using the synthetic oligonucleotide 5'-AAACCAAGCTTACGCAA-3'.
Measurement of Enzyme Activities, Fermentation, and Respiration. Extracts were prepared with glass beads (8) in 20 mM imidazole (pH 7). FbPase, PEPCK, and glucose-6-phosphate dehydrogenase (G6PDH) were measured spectrophotometrically (8, 20, 21 (23) and metabolites were assayed (24) as described. Fru-2,6-P2 was measured in alkaline extracts (25) . To measure ethanol production, yeast suspensions in buffer (see above) were incubated in flasks with tightly fitting rubber caps and sampled with a hypodermic needle. Ethanol and glucose in the medium were measured by using alcohol dehydrogenase and hexokinase/G6PDH, respectively (24 (Fig. 1) . Yeast cells, wild-type for FBPI and PCKI, transformed with one of these plasmids or with both together were viable on glucose. The gluconeogenic enzymes were present during growth on glu-cose ( Table 1 ). The activity of FbPase was 10 times higher than in the wild-type yeast under gluconeogenic conditions, PEPCK was 3 times higher, and G6PDH showed the same activity in all strains. No significant differences with the wild-type, in generation time or in growth yield, were found for strains expressing only one of the gluconeogenic enzymes (Table 2 ). An increase in generation time of about 20%o and a decrease in yield of about 30%o were observed in the strain expressing both enzymes. There was no marked increase in lag time before resumption of growth when the yeasts were transferred from a pyruvate medium to a glucose medium.
Futile cycles would be expected to cause a decrease in intracellular ATP. However, no differences in the intracellular concentration of adenine nucleotides were found between the different strains (Table 3 ). These results suggest that the cycles are not operating in vivo, or operating only at very low rates.
Estimation of FbPase Activity in the Transformed Strains
Growing on Glucose. To estimate FbPase activity in vivo during growth on glucose, we measured AMP and Fru-2,6-P2 in these conditions and found a concentration of 0.2 mM for AMP (Table 3 ) and of 8 ,uM for Fru-2,6-P2. When FbPase was assayed at these concentrations ofAMP and Fru-2,6-P2 it was 95% inhibited; the remaining activity, about 20 milliunits per mg of protein, would not support a high rate of cycling. However, as regulatory effects observed in vitro do not always reflect the situation in vivo (27) (30) . In the experiments reported in ref. 30 the results obtained with the two labeled substrates were similar, although in the case of [1-13Clglucose, the transaldolase reaction could also produce [6-13C] glucose derivatives. In the strains described here and in the metabolic conditions used, the reshuffling ofthe carbon atoms due to the transaldolase reaction was considerable (results not shown), and therefore the experiments had to be performed with [6-13C] glucose. To estimate the flux through PEPCK it would be necessary that this enzyme catalyze the synthesis of phosphoenolpyruvate molecules labeled at a carbon position different from that of the phosphoenolpyruvate formed from glucose. This would be possible if a good equilibration of label between C2 and C3 of oxaloacetate were reached or, alternatively, if labeled oxaloacetate could be formed from externally added labeled pyruvate. As none of these conditions applies for yeast growing on glucose, due (36) .
The high levels of FbPase and PEPCK measured in yeast growing on glucose indicate that the system of catabolite Biochemistry: Navas et al.
Proc. Natl. Acad. Sci. USA 90 (1993) inactivation does not operate during prolonged growth on glucose, or at least that its capacity is limited (13, 15) .
Although futile cycling is below the limits of detection, the presence of the gluconeogenic enzymes has a significant effect on the rate of glucose consumption. A decrease in the ATP level and subsequent activation of phosphofructokinase does not seem to be the cause, as ATP levels do not vary between the different strains. Even in resting yeast we did not find consistent changes in the ATP concentrations. Other glycolytic intermediates, including hexose phosphates, fructose-1,6-bisphosphate, and phosphoenolpyruvate, did not show significant differences either (results not shown). The possibility remains that some unidentified metabolite has a role in regulating the glycolytic flux and that the concentration of this metabolite changes in the presence of the gluconeogenic enzymes.
The fact that in the transformed strains, CO2 and ethanol production do not increase in parallel with glucose consumption suggests that changes in glucose metabolism occur. An NMR spectrum of the growth medium showed only ethanol and a small amount of glycerol. This indicates that the possible modifications in glucose metabolism would lead to an increased formation of internal end products.
We have shown that the presence of the gluconeogenic enzymes during growth on glucose, even at levels much higher than those which would be present in a yeast lacking catabolite inactivation, has no major consequences for a yeast cell. Why, then, did S. cerevisiae develop such an elaborate system of regulation? Inactivation of the gluconeogenic enzymes could be superfluous for vegetative cells but could present an advantage in other conditions. We observed no effect of the presence of the gluconeogenic enzymes during germination in YNB glucose, but we cannot exclude that it would be harmful in other circumstances. Alternatively, since the nitrogen sources available might be limiting for growth, catabolite inactivation could have been selected to recycle amino acids from proteins which are not in an active conformation and are therefore dispensable. Finally, a very small decrease in growth rate which does not appear significant in the laboratory would be sufficient in natural conditions to wipe out an unregulated strain in competition with the regulated wild type.
